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http://dx.doi.org/10.1016/j.str.2015.12.003Lipoproteins play a variety of roles in bacterial physiology and virulence. Correct localization is essential for
lipoprotein function, yet the mechanisms by which this occurs are not yet fully understood. In this issue of
Structure, East et al. (2016) describe the factors that govern secretion of the PulA lipoprotein.Lipoproteins, which are anchored to the
cell membrane by two or three acyl
chains, are found in both monoderm (sin-
gle membrane-enveloped) and diderm
bacteria, where they are involved in basic
bacterial functions, such as cell division,
nutrient acquisition, and signal transduc-
tion, and in pathogenicity (reviewed in
Zu¨ckert, 2014). In many bacteria, lipopro-
teins are found in the inner leaflet of the
outermembrane (OM), but in a few diderm
bacteria, they are secreted through the
OM to reside on the cell surface. In either
case, acylated lipoproteins must nego-
tiate the hydrophilic periplasmic environ-
ment en route to the OM.
Lipoproteins are generally transported
in folded form from the cytoplasm into
the periplasm via the general secretory
(Sec) pathway prior to acylation and
cleavage of a signal peptide, after which
they reside at the periplasmic side of the
inner membrane (IM).
Lipoproteins that inhabit the inner
leaflet of the OM are escorted across the
periplasmic space by the lipoprotein outer
membrane localization (Lol) machinery. In
those destined for the cell surface, key
residues at the N terminus appear to
trigger avoidance of the Lol machinery.
An aspartate residue at position +2 was
thought to result in Lol avoidance,
although this ‘‘+2 rule’’ is becoming a
guiding principle in light of the increasing
number of known exceptions. The nature
of the +3 residue also influences Lol
avoidance, with Asp2–Asp3 producing
the strongest Lol avoidance signal.
One example of a lipoprotein that is ex-
ported through the OM to lie on the
cell surface is theKlebsiella oxytoca pullu-
lanase PulA (d’Enfert et al., 1987),
the focus of the article by East et al.
(2016). Pullulanase is a starch-hydrolyzing
enzyme used in biotechnological applica-
tions to degrade cellulose into glucose
and is also involved in pathogenicity of
K. oxytoca. PulA is secreted to the outer
leaflet of the OM by the type II secretion
system (T2SS), which was first discov-
ered in K. oxytoca in which it is required
for and devoted to export of pullulanase.
In other diderm bacteria, the T2SS may
secrete a variety of different proteins,
including toxins and degradative en-
zymes that are involved in the breakdown
of host tissues and therefore cause many
of the symptoms of bacterial infections
(Korotkov et al., 2012).
Despite the ubiquity and importance of
the T2SS, the precise T2SS secretion
signal remains a mystery. By combining
structure determination and in vitro and
in vivo biochemical analyses with molecu-
lar dynamics (MD) simulations, East et al.
(2016) probe the determinants of Lol
avoidance, IM retention, and T2SS recog-
nition by PulA, providing a glimpse
into the possible determinants of T2SS
secretion.
In the structure of K. oxytoca PulA
determined by East et al. (2016), the N1
domain (residues 20–160) and the extra
subdomain ‘‘Ins’’ are identified as being
particularly flexible (high crystallographic
B-factor values), whereas the 19-residue
N-terminal tether, which connects the
lipid anchor with the remainder of the
protein, was so disordered as to be
invisible. The Ins subdomain (designated
loop 2 in the K. pneumonia pullulanase
[PulAKpn] structure [Mikami et al., 2006]),
which lies between residues 475 and
545 in domain A of the catalytic core, is
absent in many related enzymes, but is
present in pullulanases from other di-
derms with functional T2SS. The crystal
structure also allowed localization of
three regions previously identified as
secretion signals by deletion studies
(Sauvonnet and Pugsley, 1996; Francetic
and Pugsley, 2005).
By carrying out MD simulations of
PulA, East et al. were able to characterize
the motion of the unstructured tether
region, the N1 domain, and the Ins subdo-
main, as well as the interaction of the
protein with themembrane. Both the acyl-
ated (PulA) and non-acylated (PulANA)
variants of the complete PulA protein,
including the unstructured N-terminal
tether, were simulated in triplicate in the
presence of a 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE)
lipid bilayer, allowing the effect of acyla-
tion to be investigated.
Remarkably, both PulA and PulANA ap-
proached and interacted with the bilayer,
suggesting that acylation is not required
for anchoring of PulA to the IM. In both
cases, the IM retention signal—specif-
ically, the first four N-terminal residues,
Cys1, Asp2, Asp3 and Gly4—as well as
the remainder of the tether region and
parts of the N-terminal domains, formed
a number of polar contacts with the PE
head groups, in keeping with the pro-
posed favorable electrostatic interactions
of Asp2-Asp3 with PE lipids (Hara et al.,
2003). Although there are some differ-
ences in the details of the protein-lipid
interactions, including the number of
associated POPE molecules, the fact
that membrane interaction is not depen-
dent on acylation is a significant result
and may explain the >90% secretion effi-
ciency of PulANA in vivo (Campos et al.,
2010).
These observations prompted experi-
mental investigation of liposome binding
by PulANA. Similar binding was observed
for liposomes composed of E. coli polar
lipid extract or of different individual phos-
pholipids. This fascinating result prompts
further questions such as whether the
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simulations, which involved seemingly
specific interactions between negatively-
charged residues in the N-terminal region
of the protein and the positively-charged
PE head group, are similar for all lipid
types; whether any of the tested liposome
compositions are a good mimic of
K. oxytoca or host membranes; and
whether similar behavior would be ob-
served for PulA.
The role in secretion of the regions iden-
tified as flexible in the crystal structure,
which were also highly dynamic in the
simulations, was tested by deletion anal-
ysis under near physiological PulA and
T2SS stoichiometry. The unstructured
N-terminal IM binding region was found
to be essential for PulANA stability,
whereas the Ins region is required for
secretion. Because the deletion studies
were only conducted for PulANA, the ef-
fect of these regions on acylated PulA re-
mains to be determined.
By combining MD simulations with
experimental procedures, East et al.
(2016) were able to test theoretical predic-
tions and vice versa. The simulations
provided insight into the role of the flexible
N-terminal tether region and attached
acyl chains that are invisible to X-ray crys-
tallography in the interaction of PulA
with the IM, suggesting that acylation is
not necessary for PulA-IM interaction,
although PulA was found to have
increased IM association and stability
in vivo. As well as finding support for the
function of not only Asp2, but also other
N-terminal residues in determining Lol
avoidance and/or IM retention, East
et al. identified the flexible but struc-
tured Ins domain as a possible T2SS
secretion signal, along with the highly dy-
namic N1 domain. Taken together, these
results pave the way for increased under-
stand of the determinants of the recogni-
tion and secretion of proteins by the
T2SS.
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